INTRODUCTION
There are currently four types of in vivo devices for the debulking of plaque. Among these, two are based on abrasive removal of the plaque while the others utilize a shaving technique. All four of the techniques make use of rotation to create relative motion between the abrasive-debulking surface and the plaque proper. The presence of rotation gives rise to radial pressure variations across the cross section of the artery being debulked. These pressure variations could lead to the creation of cavitation bubbles if the local pressure were to fall below the saturation vapor pressure of the fluid.
The issue of cavitation is one that requires careful consideration in that collapsing cavitation bubbles are known to do damage to adjacent bounding materials [1] [2] [3] [4] [5] [6] [7] [8] .
In particular, if cavitation bubbles were to collapse in a blood vessel, substantial tissue damage might occur.
There is an extensive literature on cavitation, its creation, and its ramifications. Numerous means exist by which cavitation bubbles may be created in addition to fluid rotation. Indeed, any flowing liquid which sustains a substantial pressure drop may cavitate. The subject is so extensive and the literature so numerous that multiple reviews have appeared over the years. For example, in chronological order, reviews and state-of-the-art assessments have been published by [9] [10] [11] [12] . A number of papers have been concerned with the interaction of cavitation and the human body. In one major category, cavitation is caused by imposed ultrasound [13] [14] [15] [16] . In another category, separation of flow passing through artificial heart valves has been identified as a cause of cavitation [17] [18] [19] .
Of special relevance are papers which deal with cavitation in blood flows. In [20] , an analytical study was performed to compare the life cycle of a single bubble in blood and in water, from which it was concluded that bubble collapse in blood is more violent than that in water. For a wide range of initial bubble radii, collapse times were calculated, and it was found that the collapse time was approximately 100 µs times the initial bubble radius in mm. Other studies that encompassed in vivo and in vitro experiments are reported in [21] [22] [23] [24] . The first of these, which included both clinical studies and benchtop tests, purports to have identified the presence of cavitation bubbles caused by orbital atherectomy. On the other hand, the second article, a totally clinical study, made little mention of cavitation. The last two articles dealt with bubbles created by ultrasound and were focused on damage due to bubble collapse within simulated blood vessels.
Attention will now be turned to a discussion of what appears to be the only report of the creation of cavitation bubbles by rotational atherectomy [22] . There are several reasons why the observations reported in this reference may be viewed with some uncertainty. First, the time of bubble collapse reported there is on the order of minutes. Since the involved bubbles had radii on the order of 100 µm, the collapse time should have been in the range of 10 µs according to the aforementioned findings of [21] . Figure 1 of [22] shows that the radial distribution of the bubbles is the same both adjacent to the rotating crown and adjacent to the shaft to which the crown is affixed. However, the rotational velocities at the surface of the crown and at the surface of the bare shaft appear to differ by an order of magnitude, thereby giving rise to very different pressures adjacent to the bare shaft and the crown. In this light, it is difficult to justify comparable distributions of bubbles adjacent to the crown and the bare shaft. Photographs of the bubble field presented in Figures 6 and 7 of [22] show the presence of bubbles in regions distal to the crown that do not contain a rotating device. The mechanism for the creation of the latter-named bubbles is, therefore, unclear.
THE PHYSICAL SITUATION AND EXPERIMENTAL/NUMERICAL MODELS

The Orbital Atherectomy Device
The specific orbital atherectomy device that has motivated this investigation is displayed in Figure 1 . The special feature of this device is that the crown which functions as a sanding surface is positioned eccentrically on the shaft. This off-center positioning creates a secondary motion in addition to the main rotational motion of the shaft. The secondary motion is a precession. It has the virtue of following the contour of the surface of the plaque even as the plaque is removed and the lumen is enlarged. The primary application of the device is for the treatment of peripheral artery disease (PAD). This device has been operated in a large number of clinical settings but no reports have been received which suggest the presence of cavitation. On the other hand, the findings reported by [22] are disquieting and justify a careful evaluation of the cavitation issue.
The in Vitro Experimental Models
The experiments were performed in two in vitro environments. The first is a large open-topped glass container having a diameter of 80 mm (3.1 in.) and a height of approximately 80 mm (3.1 in.). A schematic diagram of this environment with the rotating atherectomy device in place is exhibited in Figure 2 . As pictured in the figure, in this model the crown is a symmetric widening of the shaft. The shaft diameter is 1.1 mm (0.043 in.). Both symmetric and asymmetric crowns of various dimensions were used in the experiments. Rotational speeds of the shaft were varied between 80,000 and 214,000 rpm. The second experimental environment is a horizontal circular glass tube having a diameter of 6 mm (0.24 in.) and a length of approximately 25 cm (10 in.) . This setup is pictured schematically in Figure 3 . A throughflow was superimposed on the rotational motion of the atherectomy device. The use of a throughflow was motivated by the in vivo situation wherein blood and a lubricant co-flowed through the artery being debulked. A number of different shaft and crown arrangements were used in this setup. Both symmetric and asymmetric crowns of different dimensions were employed in conjunction with both rigid and flexible shafts. Once again, the rotational speeds were varied between 80,000 and 214,000 rpm.
The results of these experiments were obtained optically, both by human observation and by high-speed photography. For the latter, information could be collected at the rate of 10,000 frames/sec. To enable flow visualization, air bubbles were injected in some of the experiments. In addition, in certain experiments, sand was dispersed throughout the water bath in order to promote the nucleation of bubbles. The sand was selected to have a distribution of particle sizes that closely mirrored that of plaque that is debulked by the atherectomy device. Figure 4 presents the particle-size distributions of both the sand and the debulked plaque.
The Numerical-Simulation Models
The simulation models were chosen to reflect the experimental work. For the vertical orientation of the atherectomy device, the simulation model was a true rendition of the experimental setup shown in Figure 2 with an axisymmetric crown. For the horizontal tube situation, a larger variety of cases was modeled, including two different tube diameters and several sizes of axisymmetric crowns. The model for the horizontal-tube situation also took throughflow into account. The use of an axisymmetric model enabled the problem to be modeled as two-dimensional.
The numerical work was performed for both the fluid properties of blood and of water. For the former, results was used. Rotational speeds were varied from 80,000 to 214,000 rpm.
Governing Equations for the Numerical
Simulations The high rotational speeds encountered with the use of orbital atherectomy create a turbulent flow. Consequently, the governing equations must reflect this reality. Two sets of equations are necessary for the description of the flow: 1) the RANS form of the Navier-Stokes equations and the equation of continuity and 2) the renormalized group (RNG) theory k-ε turbulence model proposed by Yakhot et al. (1994) . In the model, steady-state conditions and an incompressible fluid were assumed.
Mass conservation and RANS equations
and
where 2 0.09
Numerical Details
The issue of solution accuracy was explored by numerical experimentation with regard to numbers of elements and deployment of the elements. To this end, solutions based on 150,000 and 230,000 elements were performed. Since the result of greatest significance for this work is the minimum rotation-induced pressure, this quantity was used as the metric for comparison of the solutions for different numbers of elements. For the aforementioned cases, the minimum pressure differed by less than 5%. The deployment of the elements was governed by the requirement that the nodes nearest the bounding surfaces satisfied the requirement that y + < 5,
where y is the distance of the nearest node to the wall surface.
Experimental Results
The experimental results consist of photographic evidence that demonstrates the absence of cavitation. The photographs shown here are selected frames from motion pictures recorded at 10,000 frames/second. The observations that were extracted from the photographs corroborate human visual observations.
The first set of photographic results pertains to the rotating atherectomy device deployed vertically in the large water environment. The operational variables were 214,000 rpm and a concentric crown with a diameter of 2.5 mm, which is the largest of those used in the investigation and also is larger than those employed in practice. The choice of the largest crown and the highest rotational speed was made to promote the onset of cavitation. Figures 5(a)-(c) represent a succession of photographic recordings at two-second intervals. Careful inspection of the entire field of flow does not reveal the presence of bubbles.
The next experimental results pertain to an eccentrically mounted crown operating at 185,000 rpm. The individual photographs shown in Figures 6(a)-(c) were selected to exhibit the eccentricity, and they also display the absence of cavitation. It might be noted in the lower part of the figure that there are small imperfections in the glass through which the photographs were taken. These imperfections are not cavitation bubbles.
To further explore the possibility of cavitation and to display the pattern of fluid flow, a tracer medium, air bubbles, was introduced into the fluid environment, and the results are displayed in Figures 7(a)-(e) . The leftmost of this grouping, photograph (a), illustrates the physical situation prior to the injection of the air bubbles. In photograph (b), the first appearance of air bubbles, introduced through the sheath, is evident. With the passage of time, photographs (c)-(e), the bubbles are seen to migrate longitudinally toward the rotating crown. This direction of motion can be attributed to the fact that the lowest pressure in the flow occurs at the location of the crown. The pressure gradient that is therefore created drives the bubble motion. It is noteworthy that the bubble migration is arrested at the widest part of the crown. At that location, the bubbles are seen to be flung radially outward. In other experiments, not shown here, bubbles were introduced below the crown, and an upward migration, once again driven by an axial pressure gradient, was observed. Figure 7 . A sequence of photographs extracted at 2-second intervals from high-speed photography for operation with a concentric 2.5 mm crown rotating at 214,000 rpm and with introduced air bubbles serving as a tracer.
Simulation Results
The first result to be presented from the numerical simulations relates to the radial pressure variation created by the rotating atherectomy device positioned in a tube. That information is conveyed in Figure 8 where the minimum pressure is plotted as a function of the rotational speed. In addition, there is a reference line in the figure which corresponds to the saturation vapor pressure of water at 20 o C. The working fluid for this simulation is water, and the crown was the largest available with an outer diameter of 2.5 mm. The diameter of the simulated artery was 5 mm, and there was a throughflow at the rate of 80 ml/min. The figure clearly shows that the fluid pressures are much higher, by a factor of 50, than the saturation vapor pressure. Since the onset of cavitation requires that the fluid pressure be lower than the saturation vapor pressure, cavitation is thereby precluded. This outcome offers strong support for the visual photograph evidence. The information conveyed in Figure 8 is representative of a large number of simulations for a 2.5 mm diameter crown and host tube diameters which ranged from 3-6 mm. Furthermore, both blood and water were simulated, and complementary simulations were also performed in the large environment. Properties for the water simulations were taken at 25 o C while blood properties were evaluated at 37 o C. In every case, the minimum pressures that were encountered were at least as large as that shown in Figure 8 . No combination of crown diameter, tube diameter, or fluid type led to pressures within an order of magnitude of those required for cavitation.
To complement the information conveyed in Figure 8 , a color contour diagram showing the pressure distribution in the vicinity of the rotating crown is presented in Figure 9 . The figure consists of a main body which cor- responds to an overall portrayal of the pressure field and an inset which is focused on the immediate neighborhood of the crown. Both parts of the figure show that the major pressure variations are confined to the neighborhood of the crown. Clearly, the lowest pressures are attained at the very surface of the crown and, with increasing distance from the surface, the pressure increases. The inset is focused on the pressure distribution which is most relevant to the issue of cavitation. The pressures shown there are well above the saturation vapor pressure.
To illustrate the pattern of fluid flow caused by the rotating motion of the atherectomy device, a simulation was performed with the device immersed in the large environment. The results of the numerical work are presented in the vector diagram of Figure 10(a) . The vector directions coincide with the local flow directions. These vectors show the presence of oppositely directed wall jets moving along the surface of the crown which collide at the apex of the crown. That collision leads to the creation of a radial jet emanating from the neighborhood of the crown. The wall jets themselves result from longitudinal pressure gradients. The pressure at the apex of the crown is a minimum, whereas both the upstream and downstream pressures are larger. A result similar to that shown in Figure 10(a) was obtained from numerical simulations in a tube. The flow patterns shown in the figure are representative of flow patterns for all rotation rates which were investigated.
A counterpart of Figure 10(a) is the display of streamlines presented in Figure 10(b) . The streamlines are a reinforcement of the flow pattern that was described in the discussion of the (a) part of the figure.
Verification of the Numerical Model
As a verification experiment for the numerical simulations, fluid velocities were tracked by means of an injected tracer medium. The tracer medium was injected air bubbles, and the motion of the bubbles was observed by means of a high-speed camera. The bubbles in question are displayed in Figure 7 . Particular attention was focused on the flow field in the neighborhood of the crown that was visible in Figures 10(a) and (b) . The investigated domain extended upstream of the crown which is vertically above the crown as it is exhibited in these figures. Velocities were deduced by carefully recording the position of the moving bubble front observed in consecutive frames of the high-speed recording. In view of the size of the observed bubbles, it was possible only to determine a local-average velocity over a finite radial expanse. To confirm the accuracy of the visual observations, five observers were individually involved with the obtainment of the results. Each observer independently measured the velocities, and those measurements were averaged.
The experimental results obtained for the axial velocity are presented in Figure 11 where they are compared with the radial distribution of the axial velocity taken from the numerical simulation and represented by the continuous curve. The horizontal lines represent the average velocities over a radial span whose dimension is approximately equal to the size of the bubbles being traced. The solid horizontal line corresponds to the results of the numerical simulation while the dashed line was taken from the visual observations. The spread in the latter due to the several individual visual observations is too small to be seen in the figure. Comparison of the two horizontal lines indicates excellent agreement between the local-averaged velocities. This level of agreement lends strong support to the validity of the numerical simulations.
Results were also obtained for the radial velocity in the same region as that for which the axial velocity results have already been presented. Once again, the experimental results correspond to local-average velocities. These results are presented in Figure 12 . In that figure, the continuous curve corresponds to the radial distribution of the radial velocity taken from the numerical simulations. In addition, there is a pair of horizontal lines which represent local-average radial velocities. The solid horizontal line depicts the numerical results while the dashed line corresponds to the observed bubble motion. The observations were made by visually tracking bubbles which moved radially outward from the apex of the crown. Bubbles were tracked to a radial distance of 2.5 mm from the crown. From the figure, it is seen that the experimental results reinforce those extracted from the simulations. This observation, taken together with what has been already found in Figure 11 , strongly affirms the validity of the numerical model and its implementation
CONCLUDING REMARKS
A synergistic approach involving in vitro laboratory experimentation and numerical simulation was employed to determine whether an orbital atherectomy device can cause cavitation. The importance of this issue relates to the fact that bursting cavitation bubbles create powerful jets which can erode surfaces on which they impinge. In particular, if cavitation bubbles were to collapse in a blood vessel, substantial tissue damage and hemolysis might occur.
The only report of cavitation bubbles due to rotating atherectomy appears to be that of [22] . While their findings can be questioned on phenomenological grounds (see Introduction), the importance of the cavitation issue demands a quantitative investigation such as that undertaken here.
The specific rotating atherectomy device employed by Zolz, the Rotablator, reflects the limited availability of such devices at the time of his study, the early 1990s. The present investigation made use of a more contemporary device, the Diamondback 360. The main difference between these devices is that the crown of the Diamonback 360 is positioned eccentrically on its shaft whereas the crown of the Rotablator is positioned axisymmetrically.
The experimental part of the present investigation was performed in two different fluid environments: 1) a transparent horizontal tube whose diameter was chosen to model that of the superficial femoral artery and 2) a large open-topped transparent container. Both eccentric and axisymmetric crowns of various dimensions were employed, as were rigid and flexible shafts. Rotational speeds ranged between 80,000 and 214,000. High-speed photography (10,000 frames per second) was used to record the flow field. Water was the working fluid. Under no conditions were cavitation bubbles in evidence. Supplementary flow visualization experiments revealed axial flows driven by pressure gradients created by the difference in diameter between the shaft and the crown.
The numerical simulations reflected the operating conditions of the experiments, but were limited to axisymmetric crowns and rigid shafts. The key finding of the simulations is that the lowest rotation-induced pressure in the fluid is about 50 times greater than the saturation vapor pressure. Since the onset of cavitation requires that the fluid pressure be below the vapor pressure, the numerical results support the absence of cavitation. 
